The potential position for tunnel defect within the structure of bobbin-tool friction stir welds was studied by analogue modelling. The welding process was simulated on layered plasticine slabs instead, compared to the aluminum plates. Observations in the modelled structure showed a high possibility for a continuous channelled discontinuity, like a tunnel-shaped void defect, in the entry zone of the weld, which mirrors the metal welding. The anatomy of tunnel defect in the entry zone was explained according to the mechanics of material during the plastic deformation process.
Introduction
Friction stir welding (FSW) is a solid-state joining method whereby instead of melting the material, a rotating tool ploughs through the interface of the two plates to be joined. The bonded structure is obtained by mixing the material, softened by heat and stirring, generated from friction between the rotating tool and the workpiece [1] . There is a class of FSW tools called bobbin tools [2] [3] [4] , consisting of two shoulders, one on each side of the workpiece surfaces, connected by the tool pin ( Figure 1 ). Recent welding trials using this symmetric tool configuration (comprises two shoulders connected by an axial pin) have highlighted some of the benefits for a fast and less complicated process, compared to the conventional FSW [5] .
One of the critical problems in bobbin friction stir welding (BFSW) is to provide an applicable instrument for optimization of the joining parameters and their side-effects on final quality of the weld [6] . This situation is crucial for bobbin-tool technique as the process settings are still in the early stages of study.
The general area of interest for the BFSW process is welding of light-alloys sheets, where there are many applications for this in marine, automotive, and aerospace fabrication processes [7] [8] [9] . Since, existence of defects can directly affect weld properties, making a reliable weld by the FSW process, in different situations and with different parameters, is difficult. Existence of a void as a defect is one of the challenges of work during bobbin-tool FSW process [10, 11] . The objective of this research is to elucidate the origins of the formation mechanism of a typical tunnel void in the weld region. Identification of the influential phenomena in the creation of a void is required in developing a multi-physics model, based on the principles of fluid mechanics. The dynamic analysis of the forces as the process response during real-time welding was recorded using the LabVIEW software. By a current ( ) clamp meter, the signal trend recorded by the load cell transducers can analyze the variation in displacement under the material flow inconsistencies during the process.
After 100 mm advancement of the weld-line, the samples were taken for flow visualization and cross-sectioning. The weld characteristics and striation patterns were investigated by visual observation using a high-resolution digital camera (Fuji Fine-Pix S9500/Fujinon, Tokyo, Japan) for the plasticine analogue samples. Regarding the aluminum welds, the flow patterns of the cross-sections were delineated by a conventional metallographic procedure, etched by the Keller's reagent, and the optical microscopy observation using the stereoscopic microscope (Olympus Metallurgical Microscope, Tokyo, Japan). Figure 2 shows the physical appearance at the top plan view of the analogue plasticine sample after welding with the 3D printed plastic tool. The relevant dynamic force changes measured in longitudinal and traverse directions of the weld-line also are presented beside the weld analogue. The welded samples show two main defects at the entry and exit zones, as the inherent of the buttjoint bobbin weld. The welding process by the bobbin tool, there are three stages; entry, welding zone, and exit. The related areas for these three parts can be identified in the analogue model by the material movement patterns. The weld stage is located between the entry and exit. The entry can be characterized as a sudden high deformation which decreases over time before becoming stable as the tool travels completely into the plate. The exit phase is when the leading edge of the tool first starts to leave the plate, and material deformation decreases steadily with a sudden last drop of plastic deformation and disintegration of the material. The physical size of defects is corresponding with the dynamic changes of the load during the process. Bobbin-tool FSW appears to be a thermo-mechanical process as the frictional heat combined with the high plastic deformation is used for the joining process during the rotation and movement of the bobbin tool [12] [13] [14] . Also, changing the parameters of the process (e.g., feeding rate and rotational speed), or features of the bobbin tool (size and geometry of pin and shoulder), or the thickness and material properties of the weld plates may lead to unknown origin defects in the weld region [10, 11] . In other words, there is no solid theory about the parameters of the process and method of control to achieve the optimum machine settings. Developing a comprehensive theory describing the process will extend the range of applicable process parameters and overall productivity. Thus, a transition from trial and error to a science-based approach is required to link the welding mechanism and operational variables.
Results and Discussion
For the first step in the investigation of weld region voids, it is intended to study the internal material flow regimes and how the failure of the flows causes weld defects [15] . However, the nature of the process makes it difficult to freeze the actual flow to validate a model [16] [17] [18] . In order to present an accurate multi-physics approach, near to real circumstances of the BFSW process, the basic interactions of the process parameters should be known in advance. Using an analogue model of the process and elucidation of relationships between effective parameters in creation and elimination of a void (tool features, process parameters and material capabilities), we can find the prerequisites of a numerical solution to effectively model the multi-physics of the situation. Our starting hypothesis for BFSW joining is based on a thermo-mechanical context of the process, as the solid-phase joining is simultaneously a result of plastic deformation and material displacement.
Instead of aluminum plates, analogue modelling of FSW was performed using colored layers and grids of plasticine. This provides easier flow visualization compared to the metallographic measurements of the aluminum welds. The objective is to see if it is possible to replicate the defect structures known to exist for aluminum plate welding. By fabrication of a plate comprising multiple layers of different colors, external area examination during and after the bobbin-tool FSW process, and Appl. Syst. Innov. 2020, 3, 2 3 of 15 subsequent post processing by cutting and viewing the cross-sections, can provide new insights into a flow-based model for the weld process.
Materials and Methods
For better visualization of the welding process, multi-layered plasticine slabs were used as the weld workpieces. Different colors of plasticine manufactured by New Clay Products-(Gordon Harris Ltd., London, UK), were rolled to a uniform thickness of approximately 1.25 mm by a cylinder-shaped roller and using glycerine as the lubricant.
Layers of different colors of plasticine were stacked on top of each other to create the test piece thickness of 10 mm. The slabs were subjected to heat treatment to improve the adhesion between the layers and also to diffuse the remained glycerine between the layers. The blocks were held at a temperature of 60 • C for a period of two hours. The hot blocks of plasticine cooled gradually to −4 • C as it was used for the processing in the room temperature.
To validate the plasticine analogue, an aluminum plate also was welded by the bobbin tool. The single-piece bobbin-tool consists of a top-shoulder, a bottom-shoulder, and a fixed pin in the middle. The feature details of bobbin tools are identical for welding of both the aluminum and plasticine plates. However, the analogue models were tested by a 3D-printed plastic tool made on a Stratasys Connex machine, while the aluminum welds were performed by a metal tool made of H13 tool steel. The plastic-made tool has a better consistency with the non-metallic plasticine samples, and the steel-made tool is strong enough for processing of the aluminum plates.
The trials used a CNC milling machine (OKUMA, MX-45VAE Model, Oguchi Plant, Aichi, Japan). The weld workpieces were rigidly fixed between clamped bars and care was taken to ensure that no lateral movement during work occurs.
Based on prior experimentation, to achieve a uniform welded joint, the welding parameters, rotational speed (ω), and feeding rate (V), were selected in a range sufficient for the establishment of a bonded weld. In this regard, the plasticine analogue samples were processed under welding speed set of (ω = 50 rpm, V = 50 mm/min), as these were the minimum speeds of the milling machine. The aluminum sample was processed under speeds of (ω = 650 rpm, V = 400 mm/min). There was also a difference in the thickness of the workpieces, because of the limitation of the material instability under the processing condition. While the aluminum plate shows suitable processing in 6 mm thickness, the thickness of the analogue slabs increased to 10 mm to improve the stability of the layered plasticine during the process.
The dynamic analysis of the forces as the process response during real-time welding was recorded using the LabVIEW software. By a current (I) clamp meter, the signal trend recorded by the load cell transducers can analyze the variation in displacement under the material flow inconsistencies during the process.
After 100 mm advancement of the weld-line, the samples were taken for flow visualization and cross-sectioning. The weld characteristics and striation patterns were investigated by visual observation using a high-resolution digital camera (Fuji Fine-Pix S9500/Fujinon, Tokyo, Japan) for the plasticine analogue samples. Regarding the aluminum welds, the flow patterns of the cross-sections were delineated by a conventional metallographic procedure, etched by the Keller's reagent, and the optical microscopy observation using the stereoscopic microscope (Olympus Metallurgical Microscope, Tokyo, Japan). Figure 2 shows the physical appearance at the top plan view of the analogue plasticine sample after welding with the 3D printed plastic tool. The relevant dynamic force changes measured in longitudinal and traverse directions of the weld-line also are presented beside the weld analogue. The welded samples show two main defects at the entry and exit zones, as the inherent of the butt-joint bobbin weld. The welding process by the bobbin tool, there are three stages; entry, welding zone, and exit. The related areas for these three parts can be identified in the analogue model by the material movement patterns. The weld stage is located between the entry and exit. The entry can be characterized as a sudden high deformation which decreases over time before becoming stable as the tool travels completely into the plate. The exit phase is when the leading edge of the tool first starts to leave the plate, and material deformation decreases steadily with a sudden last drop of plastic deformation and disintegration of the material. The physical size of defects is corresponding with the dynamic changes of the load during the process.
Results and Discussion
surface patterns is relevant to the tool features and flow interaction underneath the scrolled shoulder. As a general interpretation, these pitch ripples are produced by the final ejection of the depositing mass layers at the trailing circumferential edge of the shoulder, during the longitudinal travelling of the tool. Although the pitch patterns have similar shapes in both analogue and metal samples, the actual size of the ripples can be defined by the speed ratio of the tool (relative feeding rate per rotation; distance per revolution). However, the overlapping of the combined successive revolutions makes it hard to provide an accurate measurement of the distance between the pitch layers to determine the optimized condition for the curved patterns of the weld surface.
The 3D printed plastic tool has a suitable mechanical consistency in its interaction with the substrate, regarding the observation of the physical changes in flow mechanism as the tool travels forward. The sample is suspected to contain more internal defects within the weld structure. Therefore, several extra samples were tested with the same tool features in different color patterns and under similar welding parameters to reveal more details of the internal flow mechanism during the bobbin friction stir welding. The surface appearance of the weld-seam shows a regular circular ripple pattern which is related to the shoulder performance during the advancement of the tool through the weld-line interface, see Figure 3 . The comparison between these surface pitch ripples in analogue plasticine and aluminum welds shows high similarity in shape and size. Therefore, the formation mechanism of these circular surface patterns is relevant to the tool features and flow interaction underneath the scrolled shoulder. As a general interpretation, these pitch ripples are produced by the final ejection of the depositing mass layers at the trailing circumferential edge of the shoulder, during the longitudinal travelling of the tool. Although the pitch patterns have similar shapes in both analogue and metal samples, the actual size of the ripples can be defined by the speed ratio of the tool (relative feeding rate per rotation; distance per revolution). However, the overlapping of the combined successive revolutions makes it hard to provide an accurate measurement of the distance between the pitch layers to determine the optimized condition for the curved patterns of the weld surface. (Figure 4a ). Also, the nucleation of the defect in correspondence with the material flow interaction in the middle of the stirring zone is visible ( Figure 4b ).
The previous research confirmed that the tunnel void originally forms at the entry zone. By including the flow visualization from the actual aluminum sample, compared with the analogue model, can construct a better understanding of the history of the flow interaction during the stirring process. Figures 5 and 6 show some magnified views of the entry zone in aluminum weld sample. The flow patterns at the entry demonstrate the plastic deformation patterns caused at the substrate in interaction with the rotating tool. According to Figure 5 , the initial deformation process at the entry zone contains highly plastic deformation in an unstable mode. As the unstable rotating tool passes The 3D printed plastic tool has a suitable mechanical consistency in its interaction with the substrate, regarding the observation of the physical changes in flow mechanism as the tool travels forward. The sample is suspected to contain more internal defects within the weld structure. Therefore, several extra samples were tested with the same tool features in different color patterns and under similar welding parameters to reveal more details of the internal flow mechanism during the bobbin friction stir welding. Figure 4 shows the cross-section of the plasticine weld in a multi-layered slab. Further details of the flow behavior at the cross-section of the analogue plasticine are observed in Figure 4b . The analogue model of the weld suggests a possible position for the tunnel defect between the entry zone and the exit zone of the weld (Figure 4a ). Also, the nucleation of the defect in correspondence with the material flow interaction in the middle of the stirring zone is visible (Figure 4b ).
in the entry spray of the aluminum weld. The striation lines of the plastic flow consolidated at the surface of the entry spray suggests that during the tool-substrate interaction, the simultaneous rotation and movement of the tool along with the edge of the workpiece caused a driving force for the strain planes underneath the shoulder. Because of the stirring action, the strain planes rotate with a twisting flow pattern. In this twisting flow mechanism, each plane after travelling a specified distance, can transform its driving force to the neighboring planes and become settled. Spatial location for each plane in the settlement position is in a different geometry in comparison with the original position. The consequence of these series of movements and settlements of the strain planes is a stirred zone in the body of the weld region. The previous research confirmed that the tunnel void originally forms at the entry zone. By including the flow visualization from the actual aluminum sample, compared with the analogue model, can construct a better understanding of the history of the flow interaction during the stirring process. Figures 5 and 6 show some magnified views of the entry zone in aluminum weld sample. The flow patterns at the entry demonstrate the plastic deformation patterns caused at the substrate in interaction with the rotating tool. According to Figure 5 , the initial deformation process at the entry zone contains highly plastic deformation in an unstable mode. As the unstable rotating tool passes through the weld-line, the plasticized mass underneath the shoulder escapes outwards the workpiece, whereby forms the spray zone at the entrance position of the tool. Because of the instability of the deformation, the plasticized mass curves from the advancing side (AS) and stretched to the retreating side (RS) of the clockwise rotating tool. The large discontinuity at the AS of the weld-line is the plausible position of the tunnel void as a flow-based defect. Since this twisting pattern caused a movement, there is a gap between the primary and new location of the planes. As it is illustrated in Figure 6 , by pushing the stirring front to the entry zone (region c), a channelled flow in the neighborhood regions of the advancing side forms which are representative of the original position of materials before taking part in a stirred zone. In general, the surface flow lines are on a curvature direction from the advancing side toward the retreating side, according to the clockwise rotation of the bobbin tool. However, because of the scroll patterns inscribed on the shoulder surface, there is a bunching of the segmented contours which are formed as a continuous succession of the deposited mass. All of these successive segments are formed the The surface weld pattern typically shows a mixing pitched patterns as a result of the intercalation of the plasticized mass layers from both of the interface (AS and RS) come together to form the joint-line. The curved flow layers at the surface area of the entry zone can be the starting of these pitched surface patterns. Figure 5 reveals the twisting flow pattern of the plastic deformation in the entry spray of the aluminum weld. The striation lines of the plastic flow consolidated at the surface of the entry spray suggests that during the tool-substrate interaction, the simultaneous rotation and movement of the tool along with the edge of the workpiece caused a driving force for the strain planes underneath the shoulder. Because of the stirring action, the strain planes rotate with a twisting flow pattern. In this twisting flow mechanism, each plane after travelling a specified distance, can transform its driving force to the neighboring planes and become settled. Spatial location for each plane in the settlement position is in a different geometry in comparison with the original position. The consequence of these series of movements and settlements of the strain planes is a stirred zone in the body of the weld region.
Appl. Syst. Innov. 2020, 3, 2 8 of 15 spray region of entry zone. This continuous twisting movement can finally form a stirred zone for the bonding of the interface whereas there remains a tunnel defect as the footprint of unstable plastic deformation during the twisting pattern of plastic flow mechanism at the beginning of the stirring action. For further analyzing the stirring action inside the workpiece, the material mixing phenomenon at the cross-sections of the plasticine analogue is shown in Figure 7 . Figure 7 shows the material flow in three regions of entry zone, the body of weld and exit zone. Instead of one cross-section perpendicular to the welding direction, samples were cut at the AS and RS of the stirring zone at 45° angle on the welding direction. Figure 7a ,b shows the cross-sections of the entry zone at the AS and RS, respectively. Figure 7a ,e reveal the flock-shape patterns on the AS of the stirring zone, representative of the pin profile at the entry and exit zones, respectively. By the interaction between the threaded pin and the substrate, the material forms a vortex area near the bottom surface and a lamellar structure underneath the top shoulder. The RS cross-section shows an arc flow for the stirring zone with a curved wave mixing pattern at the position of the pin. Similar flow patterns are also visible in the exit zone, observed in Figure 7e ,f, for the AS and RS of the weldline, respectively. In both entry and exit zones, the birds-flock swarm pattern at the AS of the weld is representative of direct interaction between the threaded pin and the workpiece material which is inscribed around the hole defect because of the shortage of the refilling material to provide the integrity of the mass circulation.
The literature reports the middle of the stirring zone as the onion ring pattern. By generating a continuous refilling flow behind the tool, the plastic layers from the onion ring flow pattern at the contact region of the pin and the stirred mass. The flow trend for the onion rings can be conducted by the angle of the pin threads which result in a curved lamellar structure. Figure 7c Since this twisting pattern caused a movement, there is a gap between the primary and new location of the planes. As it is illustrated in Figure 6 , by pushing the stirring front to the entry zone (region c), a channelled flow in the neighborhood regions of the advancing side forms which are representative of the original position of materials before taking part in a stirred zone. In general, the surface flow lines are on a curvature direction from the advancing side toward the retreating side, according to the clockwise rotation of the bobbin tool. However, because of the scroll patterns inscribed on the shoulder surface, there is a bunching of the segmented contours which are formed as a continuous succession of the deposited mass. All of these successive segments are formed the spray region of entry zone. This continuous twisting movement can finally form a stirred zone for the bonding of the interface whereas there remains a tunnel defect as the footprint of unstable plastic deformation during the twisting pattern of plastic flow mechanism at the beginning of the stirring action.
For further analyzing the stirring action inside the workpiece, the material mixing phenomenon at the cross-sections of the plasticine analogue is shown in Figure 7 .
refilling effect whereby it forms the onion ring pattern in the stirring zone, see Figure 8b . The flow lines at the RS interface shows a lamellar structure, moving with a horizontal trend from the top surface underneath the top shoulder to the center of the stir zone. This flow detail in the RS ( Figure  8b) indicates an optimized refilling at the trailing edge of the tool without void occurrence. It confirms that for integrity in the refilling mechanism, the simultaneous performance of the pin and shoulder should generate an overlapped mass flow which can cover the material deficit after the tool leaves the stirring position. Figure 7 shows the material flow in three regions of entry zone, the body of weld and exit zone. Instead of one cross-section perpendicular to the welding direction, samples were cut at the AS and RS of the stirring zone at 45 • angle on the welding direction. Figure 7a,b shows the cross-sections of the entry zone at the AS and RS, respectively. Figure 7a ,e reveal the flock-shape patterns on the AS of the stirring zone, representative of the pin profile at the entry and exit zones, respectively. By the interaction between the threaded pin and the substrate, the material forms a vortex area near the bottom surface and a lamellar structure underneath the top shoulder. The RS cross-section shows an arc flow for the stirring zone with a curved wave mixing pattern at the position of the pin. Similar flow patterns are also visible in the exit zone, observed in Figure 7e ,f, for the AS and RS of the weld-line, respectively. In both entry and exit zones, the birds-flock swarm pattern at the AS of the weld is representative of direct interaction between the threaded pin and the workpiece material which is inscribed around the hole defect because of the shortage of the refilling material to provide the integrity of the mass circulation.
The literature reports the middle of the stirring zone as the onion ring pattern. By generating a continuous refilling flow behind the tool, the plastic layers from the onion ring flow pattern at the contact region of the pin and the stirred mass. The flow trend for the onion rings can be conducted by the angle of the pin threads which result in a curved lamellar structure. Figure 7c,d, shows the flow patterns formed in the form of onion rings for the AS and RS cross-sections. Although both patterns demonstrate a similar curved lamellar pattern, the RS onion rings have better integrity between the flow layers. It implies the flow consistency at the leading edge of the pin, where the plasticized mass is transferred from AS to RS. The simultaneous advancement and rotation of the tool cause a flow complexity at the trailing edge of the pin (AS-to-RS transportation) whereby form a turbulent vortex flow deposited toward the AS. This is visible in all sections of Figure 7 that the flow lines in RS (Figure 7b,d,f ) possess a more steady shape compared to the AS (Figure 7a,c,e ). The discontinuity pattern at the AS region of the entry and exit zones represent the formation of the open tunnel void as the most common defect emerging at the BFSW weld structure.
To validate the internal flow visualization of the BFSW weld obtained by the analogue plasticine, these flow patterns need to be compared with the actual weld samples. Figure 8 shows the etched weld samples selected from the AS and RS cross-sections of the entry zone, similar regions in Figure 7a ,b, respectively. In the case of the AS, Figure 8a demonstrates an open void surrounded by the birds-flock swarm patterns, similar to Figure 7a . as the tool passes from the entry zone, the void deficiency emerged at the AS interface. However, the forging effect of the tool at the RS generates a refilling effect whereby it forms the onion ring pattern in the stirring zone, see Figure 8b . The flow lines at the RS interface shows a lamellar structure, moving with a horizontal trend from the top surface underneath the top shoulder to the center of the stir zone. This flow detail in the RS (Figure 8b) indicates an optimized refilling at the trailing edge of the tool without void occurrence. It confirms that for integrity in the refilling mechanism, the simultaneous performance of the pin and shoulder should generate an overlapped mass flow which can cover the material deficit after the tool leaves the stirring position. During the FSW process, the first evidence of plastic deformation and material flow needs to be explored in the entry zone. In the entry zone, even before entering the pin into the workpiece, the flow regime is affected by the rotating movement of the shoulder. Since the position of the shoulder edge is located ahead of the pin, therefore the first stage of the entry zone as the ejected spray is the consequence of the pure plastic flow imposed by the shoulder. It should be noted that the flow features in the spray zone outside of the workpiece, is totally different from the surface flow features of the weld track. Figure 9 shows the metallographic observations of the plastic internal flow patterns at the body of the weld with a focus on the tunnel void region. Figure 9a demonstrates the tunnel void occurred at the spray region at the beginning of the entry zone. The angle of view imaging can portray more details of the plasticized mass, accumulated outwards of the weld-seam. Because of the absence of the pin in the plastic deformation, spray region is sagging to the one side (bending towards the RS). As there is no backup material behind the movement direction, the mass is plasticized between two shoulders and then through the shoulders gap is ejected outside.
To be more focused on the flow history around the tunnel void, a 3D photomontage of the stereoscopic images, depicting the left-eye and right-eye views of the tunnel void position is shown in Figure 9b . According to the stereograph pictures of Figure 9b , the surface pitch ripples features are also observed as the curved flow induced by the shoulder rotation in a circle route between the AS and the RS. Regarding the weld cross-sections, the wavy flow layers accumulated at the circumferential edge of the tunnel void elucidates turbulent flow regimes strayed in random directions causing the flow discontinuity.
The origins of these dispersed flow lines can be attributed to the plasticizing rotation of the shoulder in contrary with the pin-induced flow at the trailing edge of the tool, while the plasticized layers of the stirred mass are depositing to form the weld-seam. Therefore, incomplete refilling at the AS forms a kinked-shape discontinuity at the weld-track known as the tunnel void. During the FSW process, the first evidence of plastic deformation and material flow needs to be explored in the entry zone. In the entry zone, even before entering the pin into the workpiece, the flow regime is affected by the rotating movement of the shoulder. Since the position of the shoulder edge is located ahead of the pin, therefore the first stage of the entry zone as the ejected spray is the consequence of the pure plastic flow imposed by the shoulder. It should be noted that the flow features in the spray zone outside of the workpiece, is totally different from the surface flow features of the weld track. Figure 9 shows the metallographic observations of the plastic internal flow patterns at the body of the weld with a focus on the tunnel void region. Figure 9a demonstrates the tunnel void occurred at the spray region at the beginning of the entry zone. The angle of view imaging can portray more details of the plasticized mass, accumulated outwards of the weld-seam. Because of the absence of the pin in the plastic deformation, spray region is sagging to the one side (bending towards the RS). As there is no backup material behind the movement direction, the mass is plasticized between two shoulders and then through the shoulders gap is ejected outside. 
Discussion
The main aim of this study was to predict the position of the tunnel defect based on the analogue model to elucidate the flow-based formation mechanism. Based on the analogue flow visualization at the cross-section, a simplified physical model can summarize the general flow behavior of the process during the interaction between the tool and the substrate. The tool features in bobbin-FSW process generate a specific inherent flow interaction around the tool, compared to the conventional-FSW. Although different defect geometries (open tunnel\void) were observed in flow visualization of the analogue model, the flow mechanism is proposed to be similar. By comparing the weld crosssections in plasticine analogue and aluminum weld, it was found that the tunnel defect is commonly To be more focused on the flow history around the tunnel void, a 3D photomontage of the stereoscopic images, depicting the left-eye and right-eye views of the tunnel void position is shown in Figure 9b . According to the stereograph pictures of Figure 9b , the surface pitch ripples features are also observed as the curved flow induced by the shoulder rotation in a circle route between the AS and the RS. Regarding the weld cross-sections, the wavy flow layers accumulated at the circumferential edge of the tunnel void elucidates turbulent flow regimes strayed in random directions causing the flow discontinuity.
The origins of these dispersed flow lines can be attributed to the plasticizing rotation of the shoulder in contrary with the pin-induced flow at the trailing edge of the tool, while the plasticized layers of the stirred mass are depositing to form the weld-seam. Therefore, incomplete refilling at the AS forms a kinked-shape discontinuity at the weld-track known as the tunnel void.
The main aim of this study was to predict the position of the tunnel defect based on the analogue model to elucidate the flow-based formation mechanism. Based on the analogue flow visualization at the cross-section, a simplified physical model can summarize the general flow behavior of the process during the interaction between the tool and the substrate. The tool features in bobbin-FSW process generate a specific inherent flow interaction around the tool, compared to the conventional-FSW. Although different defect geometries (open tunnel\void) were observed in flow visualization of the analogue model, the flow mechanism is proposed to be similar. By comparing the weld cross-sections in plasticine analogue and aluminum weld, it was found that the tunnel defect is commonly formed at the advancing side of the tool near the bottom surface. This can be attributed to the sequence of the material transportation relevant to the tool features and the welding process setup. Figure 10 presents the details of the flow lines at the proximity of the tool components (shoulder and pin). The plain view of the plastic flow underneath the shoulder is shown in Figure 10a . It is shown that by entering the pin to the substrate, the materials undergo a local discontinuity caused by the shearing effect of the rotating tool. After circulating of the plastic mass around the pin, the stirred materials are being deposited at the trailing edge of the tool. In this situation, the flow inconsistency can cause a mass deficit between the deposited layers, resulting in void occurrence. It seems that the rotating pin has more responsibility regarding the internal flow features within the stirring zone. Hence, for a better explanation, the mass flow pattern around the pin is drawn in Figure 10b . The side view of the tool in Figure 10b shows that the clockwise rotation in the presence of threads on pin pulls the mass flow upwards. Therefore, the upward trend pumps material vertically from the advancing side to the leading edge of the tool, and simultaneously the fresh material of the retreating side are swept to the trailing edge of the tool. This helical flow path for transportation of the stirred mass cause a refilling inconsistency, in the form of the escape of the material at the backside of the tool, which increases the possibility of the material deficit at the bottom of the advancing side where the material is expected to be deposited after the circulation around the pin. This is where the incomplete filling deficit and eventually a tunnel void emerge as the discontinuity defect between the deposited mass layers.
The pitch threads have a positive influence on stirring performance by the increase in velocity of transportation and a helix angle and thus better plastic flow condition at the leading edge of the tool. However, this helical flow path affects the efficiency of the adhesion of the material to the pin during the transportation at the trailing edge of the tool, between AS-to-RS. This is consistent with the cross-section observations which clearly shows that the turbulent-like flow features at the advancing side towards the bottom surface form an open tunnel void defect.
The schematic of the dynamic material flow can be shown around the rotating pin in plain view to elucidate the pin-material interaction with a focus on void formation mechanism. Figure 11 demonstrates the sequence of material flow around the pin, based on the flow behavior identified in this work. Referring to the flow visualization developed in this work, by the clockwise rotation of the tool, the material at the AS is stirred and transported to the RS. By entering the tool into the substrate, the pin grabs the material from the leading edge of the tool, see Figure 11a . By further advancement of the tool trough the butt-interface locus, the sharp edges of the pin (threads-flats) dig into the workpiece material (Figure 11b ). This yields more plasticized mass at the trailing edge of the pin. The clockwise rotation of the pin causes an opposite mass flowing at the retreating side of the tool, squeezing the transported material from the leading edge backwards at the trailing edge of the pin (Figure 11c ). However, because of the opposite direction of the rotational and advancing movement of the pin at the retreating side, the plastic flow tends to escape from the edge of the pin surface during transport to the back of the tool. This lateral escaping mass from the pin surface causes a slipping mode in material transportation which decreases the compression and integrity of the flow layers at the trailing edge. This explains the flow failure by observing a discontinuity pattern in RS-to-AS recirculating flow path as the potential position for the formation of the tunnel void and emerging of the incomplete weld (Figure 11d ).
Appl. Syst. Innov. 2020, 3, 2 14 of 15 Figure 11 . The proposed physical model for the material flow regimes in interaction between the pin and the workpiece material; (a) initial contact between the rotating tool and the workpiece material, (b,c) entering of the pin into the substrate mass, start of the plastic deformation, (d) fully embedment of the pin into plasticized mass of the substrate with a tunnel void discontinuity formed at the trailing edge of the tool. (All schematic flow patterns are presented at the top-view of the pin and substrate).
Conclusions
This research illustrates an original contribution by introducing an analogue modelling process of BT-FSW to visualize deformation and joining of the material. The method is applicable to identify the flow characteristic of the weld and present probable formation mechanism of the discontinuity defects for the processed material. The reported results point out a very strong model based on the flow visualization by the plasticine analogue during the friction stir welding process. Results show that the main reason for the tunnel defect is the instability of the plastic deformation during the entering of the tool into the body of the workpiece material at the entry zone. This highly plastic embedding occurs with the ejection of material as a spray in the entry zone of the weld and consequently, the tunnel defect is left in the place of the material loss. By identification of the origins of the void formation, it was concluded that a defect-free weld should be able to establish the uniform flow integrity within the stirring zone. This can result in a stable mass refilling process at the trailing edge of the tool, where the mass deposition forms the weld seam with no discontinuity flaw within the bonding layers. Figure 11 . The proposed physical model for the material flow regimes in interaction between the pin and the workpiece material; (a) initial contact between the rotating tool and the workpiece material, (b,c) entering of the pin into the substrate mass, start of the plastic deformation, (d) fully embedment of the pin into plasticized mass of the substrate with a tunnel void discontinuity formed at the trailing edge of the tool. (All schematic flow patterns are presented at the top-view of the pin and substrate).
By repeating this flow inconsistency behavior during successive rotation of the pin, the deficit in material flow forms a channel-shaped tunnel void as a flow-based defect. In addition to the tool geometry, it seems that the lack of mixing and insufficient material refilling at the AS also are effective in the evolution of the tunnel. This can be overcome by applying higher welding speeds (both rotational and advancing velocity).
This research illustrates an original contribution by introducing an analogue modelling process of BT-FSW to visualize deformation and joining of the material. The method is applicable to identify the flow characteristic of the weld and present probable formation mechanism of the discontinuity defects for the processed material. The reported results point out a very strong model based on the flow visualization by the plasticine analogue during the friction stir welding process. Results show that the main reason for the tunnel defect is the instability of the plastic deformation during the entering of the tool into the body of the workpiece material at the entry zone. This highly plastic embedding occurs with the ejection of material as a spray in the entry zone of the weld and consequently, the tunnel defect is left in the place of the material loss. By identification of the origins of the void formation, it was concluded that a defect-free weld should be able to establish the uniform flow integrity within the stirring zone. This can result in a stable mass refilling process at the trailing edge of the tool, where the mass deposition forms the weld seam with no discontinuity flaw within the bonding layers. 
